Introduction !
The use of computed tomography (CT) has been constantly increasing over the last decades and leads to higher cumulative doses of ionizing radiation in the population [1] . According to a recent survey conducted by the German Agency for Radiation Protection, CT examinations constitute 8 % of all radiological examinations and account for 63 % of the total population dose due to radiological examinations [2] . With the widespread availability of CT scanners, emergency departments have seen a remarkable increase in the use of cranial CT (cCT). In an emergency setting, non-contrast cCT is usually performed to rapidly rule out intracranial pathology. However, many patients who undergo emergency cCT have no intracranial pathology at all. Furthermore, there is growing evidence that the increasing use of cCT in younger patients will lead to a higher rate of brain cancer in the future [3] . One of the principles of modern radiology is to apply the lowest possible amount of ionizing radiation while maintaining diagnostic image quality. Efforts made to reduce overall radiation exposure have led to new technologies, such as automated tube current modulation and noise reduction filters [4, 5] . Unfortunately, dose reduction with both techniques is limited when a head with a thick skull bone is examined [6] . Lowering the tube potential in the acquisition of cCT scans reduces radiation effectively but comes at the cost of increased image noise [7] . With the recent developments in computing power, iterative reconstruction (IR) algorithms, which were first introduced for single-photon emission computed tomography (SPECT) and positron emission tomography (PET), can now also be applied to CT [8, 9] . IR algorithms eliminate some of the increased image noise resulting from the use of a lower tube current for the acquisition of CT scans. Pilot studies have shown that IR algorithms have the potential to reduce the radiation dose of cranial CT scans by 20 -45 % [10 -13] . This clinical study analyzes the effect of IR on effective radiation doses, image quality and interpretability in comparison with routine CT scans of the head based on filtered back projection (FBP) in a large patient population examined in an emergency setting.
Materials and Methods

!
Study Design
The institutional ethics board approved this study. Since patients were not exposed to additional radiation and their data were stored anonymously, the informed consent requirement was waived. Five protocols -A, B1, B2, C1 and C2with increasing dose reduction potential were used. Patients in group A and group B1 / B2 were referred from the first-aid department. Patients in group C1/2 had undergone head CT before and were referred by the neurosurgical intensive care unit (ICU) for follow-up CT. We did not use protocol C1/2 (protocol with highest dose reduction potential) on first-aid patients to avoid the risk of having to repeat the CT examination due to insufficient image quality. Most patients underwent cCT for one of the following acute events: trauma and/or amnesia, skull fracture, loss of consciousness, seizure, headache, vomiting, focal neurological deficit, coagulopathy, treatment with anticoagulants, increasing frequency of unexplained headaches or new onset of severe or persistent headache. Intracranial foreign material was considered an exclusion criterion in groups A, B1 and B2 but not in group C1/2, since virtually all neurosurgical ICU patients carry intracranial foreign material.
CT Protocol
Protocols are summarized in • " Table 1 . All patients were examined on a 64-slice multi-detector CT scanner (Lightspeed VCT, GE Healthcare, USA). Patients were scanned at 120 kV and a tube current range of 100 -300 mA. Tube current modulation was used. In all cases, images were acquired in a craniocaudal direction. A control group of 71 patients was scanned using CT protocol A (120 kV, filtered back projection (FBP), NI: 2.8 = reference NI). 86 patients were scanned using CT protocol B1 (120 kV, 20 % ASIR, NI: 4). By default, the use of 20 % ASIR results in a tube current reduction of approximately 20 %. The raw data are analyzed using the FBP and the ASIR algorithms, resulting in blended images of 20 % ASIR and 80 % FBP. In group B2, raw data from group B1 were blended using 40 % ASIR and 60 % FBP. Due to technical reasons, only 74 of 86 patients could be re-blended for group B2. In group C1, 30 % ASIR was used on 20 patients (120 kV, 30 % ASIR, NI: 6). In group C2, raw data from group C1 were blended using 50 % ASIR and 50 % FBP.
Data Reconstruction
ASIR is an algorithm-based protocol for reconstructing CT images with a focus on noise reduction. It uses the information obtained from the FBP algorithm as a basis for further transformation. The values of each pixel (y) are transformed using matrix algebra to obtain a new estimate of the pixel value (y´), which is then compared with the ideal value predicted by the noise model. Iterative steps are performed until the final estimated and the ideal pixel values ultimately converge [8]. This method allows for selective subtraction of noise from a CT image. The tool traditionally used to define desired image quality in the user interface in GE scanners is called the noise index (NI). The NI is referenced to the HU standard deviation in a specific size water phantom, which is compared to the attenuation measured in the CT scout. Lowering the noise index leads to lower noise but requires a higher tube current. When using ASIR, however, a second option to modify tube current is introduced. In a first step the operator choses the level of ASIR in 10 % increments from 0 % to 50 %. By default, the use of X% ASIR results in a tube current reduction of approximately X% during the scan. Obviously it is possible to choose values for NI and ASIR which mutually exclude each other: e. g. a very low NI and a high level of ASIR or vice versa. In such cases of conflicting NI and ASIR values, the system prioritizes the NI over ASIR. This means that ASIR cannot modify tube current when an insufficient NI is chosen. When the noise index is increased, tube reduction may be higher than expected based on the level of ASIR chosen. After the scan, raw data are reconstructed alternately using ASIR and FBP. ASIR-and FBP-reconstructed images are then combined in a ratio of X% ASIR and 100-X% FBPe. g. when using 20 % ASIR, tube current is reduced approximately by 20 %, raw data are reconstructed using ASIR and FBP and finally images are blended using 20 % ASIR and 80 % FBP. However, after image acquisition different blending ratios can be used (as we have done in groups B2 and C2).
Image Quality
Image quality was assessed quantitatively and qualitatively. Quantitative image quality was evaluated as signal attenuation (SI) measured in Hounsfield units (HU) and noise (i. e., standard deviation (SD) of attenuation). We chose regions of interest (ROIs) in the lentiform nucleus (ROI1), frontal white matter (WM) (ROI2), frontal cortical layer (ROI3), ventricle (ROI4), internal capsule (ROI5), cortical layer of cerebellum (ROI6), WM of middle cerebellar peduncle (ROI7) and vermis (ROI8) for analysis ( • " Fig. 1 ).
The signal-to-noise ratio (SNR) was calculated according to the following equation:
The contrast-to-noise ratio (CNR) was calculated according to the following equation:
CNRs were calculated in the supratentorial (ST) region between ROI3 / ROI2 (ST-CNR C/WM) and between ROI1 / ROI2 (ST-CNR NL/WM). For the infratentorial (IT) CNRS we chose ROI6 / ROI7 (IT-CNR C/WM) and ROi8 / ROI7 (IT-CNR V/WM). Two experienced radiologists with 5 and 11 years of experience performed qualitative analysis of the acquired images in a blinded fashion after a joint training session. All technical information was removed from the images to reduce expectation bias. Image quality was evaluated in seven categories: noise, supratentorial contrast between cortex and white matter, supratentorial contrast between lentiform nucleus and internal capsule, infratentorial contrast between cortex and white matter, artifacts, overall diagnosability and diagnostic confidence (in patients with diagnosed acute pathology). Each category was evaluated using a five-point Likert scale where the reference was an "ideal exam": 1: non-diagnostic image quality, 2: uncertainty about the evaluation, 3: restricted assessment, 4: unrestricted diagnostic image evaluation possible, 5: excellent image quality.
Radiation Dose
Dose-length products (DLPs) and the computed tomography dose index (CTDIvol) were acquired. The effective dose (mSv) was estimated by multiplying the dose-length product by a conversion factor of 0.0021 mSv×mGy -1 ×cm -1 [14] .
Statistical Analysis
The data were analyzed using GraphPad Prism version 5.0 f for Mac (GraphPad Software, San Diego, California, USA) and IBM SPSS Statistics 19 (New York, USA). Continuous data were analyzed using the Student's t-test, and ordinal data were analyzed using the Mann-Whitney U-test. A p-value of less than 0.05 was considered statistically significant. Interobserver agreement between the two readers was assessed using the Cohen's kappa test. (1)
Results
!
Patient Characteristics
Patient characteristics are summarized in • " Table 2 . The groups were well balanced in terms of age, male-to-female ratio or cranial diameter. Of the 157 patients referred for cranial CT scans from the emergency department (groups A and B), 22.3 % showed acute or subacute pathologies, such as acute bleeding or subacute ischemia and 23.6 % showed chronic pathologies (status post-tumor resection, postischemic scarring), and 54.1 % had no pathology ( • " Table 2 ).
Of the 20 neurosurgical ICU patients referred for follow-up imaging (group C), 75 % showed acute bleeding, 5 % showed subacute ischemia, 5 % had undergone tumor resection, and 15 % were referred due to other pathologies.
Quantitative Analysis of Image Quality
• " Table 3 summarizes the results of quantitative analysis of image quality. Compared to group A (control), group B1 showed significantly reduced supra-and infratentorial SNRs and supratentorial CNRs. The infratentorial CNRs were either significantly or almost significantly reduced in group B1. When the ratio of ASIR blending was further increased to 40 % in group B2, the CNRs were comparable to group A (except for infratentorial white matter/vermis CNR). SNR measures were similar. When ASIR blending was increased to 40 % (group B2), the SNRs showed higher levels than in group B1 (20 % ASIR blending). Ventricular and infratentorial gray matter SNRs reached the control group levels in group B2, while the supratentorial gray and white matter as well as infratentorial white matter SNRs increased (compared to group B1) but did not reach the control group levels. All CNRs and SNRs were significantly reduced in group C1 compared to control group A. When blending was increased to 50 % (group C2) almost all SNR and CNR values improved slightly but did not reach levels comparable to group B2.
Qualitative Analysis of Image Quality
• " Table 4 , • " Fig. 2, 3 present the results of the qualitative analysis of image quality and interobserver agreement. Compared to group A, image quality in terms of noise and supratentorial and infratentorial contrast were significantly reduced in group B1 and also in group B2, albeit to a lesser extent.
Overall diagnosability was slightly compromised in group B1 or B2. Group C1 showed significantly poorer results in terms of noise levels, contrast, diagnostic confidence and overall diagnosability com-pared to groups A and B1/2. Group C2 showed only slightly better results than group C1 without statistical significance. Subgroup analysis of diagnostic confidence revealed no significant differences for patients suffering from acute bleeding between group B1/2 and group A. Comparing group C and group A, we found significantly lower values in group C with difficulties in identifying subtle bleeding, such as small subarachnoid hemorrhage, whereas marked bleeding could sufficiently be detected.
In patients with subacute stroke, values were significantly lower in group B1 compared to group A, but were comparable in group B2 (with ASIR blending increased to 40 %). Group C1 showed significantly lower values than the control group, and group C2 showed only marginally better results than group C1. Image reconstruction-related artifacts were not seen in any of the evaluated groups.
Radiation Dose
Data on radiation doses are summarized in • " 
Discussion
!
With the number of emergency CT scans performed worldwide increasing constantly, there is a growing discussion on radia- 
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tion-associated risks [15] . In this study, approximately three quarters of patients referred for cranial CT from the first-aid department had no acute or subacute pathology and almost half of them did not show any pathology whatsoever. Due to the carcinogenic potential of ionizing radiation, cCTs should thus be performed with the lowest radiation dose that still allows adequate diagnosis especially when younger patients are examined. The implementation of IR algorithms is particularly noteworthy in this context. Several studies have shown that IR algorithms significantly reduce dose while maintaining, or in some cases even improving, image quality [8, 9, 16 -18] .
The results of our study show that use of a CT protocol with 20 % ASIR reduces the dose of cranial CT by 40.4 %. When combined with blending of 40 % ASIR/60 % FBP, supratentorial CNRs are comparable to those of the control group and infratentorial CNRs remain acceptable. Subjective quality levels, e. g. contrast, overall diagnosability and diagnostic confidence, are also still acceptable. We now routinely use this CT protocol in patients referred from the emergency department in our clinic.
A CT protocol with 30 % ASIR and an increased noise index degrades both quantitative and qualitative image quality to such an extent that it is unacceptable in everyday clinical practice. However, the quality remains high enough for the diagnosis of life-threatening conditions, such as acute bleeding, or brain edema or for the assessment of hydrocephalus especially when blending is increased to 50 % ASIR/50 % FBP. In these cases, this protocol achieved sub-millisievert scanning (0.43 ± 0.20 mSv), which is particularly useful for the repeated follow-up examination of neurosurgical ICU patients.
One of the first studies investigating the use of ASIR in adult cranial CT was conducted by Kilic et al. [11] . In this study, the authors showed a 31 % DLP reduction of cranial CT scans when 30 % ASIR was applied during acquisition. There was no significant reduction in image quality and interpretability (adult patients, 49 FBP cCTs, 98 ASIR cCTs). Ren et al. investigated the potential role of ASIR in cCTs of adults over 50 years of age. They showed a 30 % dose reduction in 200 mAs cCTs with 50 % ASIR blending compared to 300 mAs cCTs [12] . The main purpose of this study was not to reduce the dose while maintaining image quality but to improve image quality while maintaining the dose. Haubenreisser et al. assessed objective and subjective image quality in FBP and SAFIRE-reconstructed cCTs of different slice widths (1 -5 mm; 1 mm increments). They showed significant reductions in image noise and improved subjective image particularly in thinner slices (29 patients, 40 cCTs) [20] . This small study, similar to the work of Korn et al., focused on finding the best reconstruction parameters at a certain dose level and did not aim at dose reduction. To our knowledge, the largest and most sophisticated study on iterative reconstruction to date was performed by Komlosi et al., who investigated 200 cCTs and showed that use of an NI of 5 (compared to FBP and an NI of 4) and 40 % ASIR blending led to a 10.5 % reduction in DLPs in adult cCTs while the image quality and noise were comparable (100 FBP cCTs, 100 ASIR cCTs) [21] . Similar to our study, the authors gradually increased the NI and then used different levels of ASIR/FBP blending to compensate for the higher NI. While the extent of work is impressive, it is unfortunate that the authors did not analyze SNRs or CNRs in the brain, which makes it hard to objectively judge image quality and noise in certain brain regions. This is especially problematic since we believe that image quality in infratentorial regions might be more dependent on dose variations during the scan due to the higher bone thickness in the region. Also, an analysis of the frequency of different pathologies was not performed.
Strengths and Limitations
To our knowledge, the work presented here is one of the largest studies investigating iterative reconstruction in cranial CT. De- spite the relatively high number of scans performed, no study in this field has yet put an emphasis on emergency department patients or analyzed the frequency of different pathologies. Also, no earlier investigators have performed subgroup analysis of different pathologies. Finally, it has to be mentioned that other publications have not distinguished between infra-and supratentorial image quality in subjective and objective image analysis. Our study has several limitations. Firstly, no explicit patient group matching was done. However, the patient parameters matched well in terms of age, gender or head diameters. Secondly, image quality evaluation was based on the subjective impression of two readers and qualitative analysis may indeed not have been completely blind, since an experienced radiologist may identify an ASIR image by its typical appearance. However, we also performed objective quantitative image analysis to corroborate qualitative evaluation. Nevertheless, it has been questioned whether quantitative measures are the appropriate tool for evaluating the effectiveness of IR algorithms. Jensen et al. showed that lesion detection in a liver phantom was not improved in ASIR-reconstructed images compared to FBP-reconstructed images of a liver phantom even though the noise decreased and the CNR increased significantly [22] . Thirdly, patients with foreign material in the skull were excluded in groups A and B1/2 but not in group C1/2, which might have influenced the noise levels in group C1/2. 
Conclusion
